Abstract: The aim of this study was to evaluate a measuring technique for determining soil CO2 efflux from large soil samples having undisturbed structure under controlled laboratory conditions. Further objectives were to use the developed measuring method for comparing soil CO2 efflux from samples, collected in three different soil management systems at various soil water content values. The experimental technique was tested and optimised for timing of sampling by taking air samples after 1, 3 and 6 hours of incubation. Based on the results, the incubation time was set to three hours. The CO2 efflux measured for different soil management systems was the highest in the no-till and the lowest in the ploughing treatment, which was in accordance with measurements on accessible organic carbon for microbes. An increase in CO2 efflux with increasing soil water content was found in the studied soil water content range. Our results indicate that soil respiration rates, measured directly after tillage operations, can highly differ from those measured long after.
Introduction
Carbon dioxide is recognized as a significant contributor to global warming and climatic change, accounting for 60% of total greenhouse effect on global warming (Rastogi et al. 2002) . Since these changes in atmospheric composition can contribute to the warming up of the earth's climate, there is a growing interest in quantifying the significant sources and sinks of this trace gas (Flessa et al. 2002) . The carbon dioxide emission originating from agriculture covers app. 30% of the total emission and increased by 27% between 1970 and 1990 (Lal 2004 . The primary sources of soil carbon dioxide efflux are root and microbiological respiration. Their rate highly depends on soil properties (Smith et al. 2003) like temperature, soil organic matter content and soil water content (Szili-Kovács et al. 1993) . It was found that soil temperature and water content are the major factors influencing temporal variation in carbon dioxide emission from soils (Jabro et al. 2008 ), because they directly affect roots and microbial functioning (Smith et al. 2003) . In general, a positive correlation between the soil carbon dioxide emission and soil temperature was found and the determining effect of soil water content on soil respiration was proven (Reth et al. 2005) .
Changes in land use and soil management systems can strongly influence soil heat and water regimes so have an indirect effect on soil carbon dioxide efflux (Al-Kaisi & Yin 2005) as well as on carbon sequestration. Fertilisation practices, especially those incorporating organic fertilisers have a direct effect on soil organic matter content and, consequently, soil respiration (Zhang et al. 2007; Rajkai et al. 2008) .
Numerous studies are being carried out to examine the influence of various land use and soil management systems on soil carbon storage and greenhouse gas (GHG) emission in order to facilitate implementation and spreading of carbon sequestering practices (Al-Kaisi & Yin 2005) . Results, reported on the comparison of the effects of various land use and soil management systems on CO 2 efflux show contradictory results (Gyuricza 2004; Zsembeli et al. 2005) , indicating, that the processes standing behind soil respiration have a strong soil-and site-specific nature and -because of the complexity of the factors influencing soil respiration and soil microbial activity -the timing (just after soil disturbance or much later; with or without vegetation cover, etc.) and conditions of measurements (soil temperature and water content and their stability during the incubation, etc.) have a strong influence on the outcome. Studies, using in-situ emission measurements perform special interest. However, uncontrolled measurement conditions in the field as well as changes in soil temperature and water content during the incubation period make evaluation of data originating from field measurements rather complicated. Thus, the effect of various factors on soil carbon dioxide efflux can hardly be distinguished. Hence, field methods should always be completed with laboratory scale experiments, performed under controlled conditions. It is often the case, that structureless disturbed soil samples are used for laboratory analyses of structure-dependent soil properties and processes like carbon-dioxide emission. This approach eliminates the effect of soil structure and poresize distribution on ratio between solid, liquid and air phases of soil and their strong influence on soil biological processes and carbon dioxide emission. If we make an overview of the scientific literature, denoted to evaluation of soil greenhouse gas emission we can hardly find any studies, carried out on undisturbed soil cores under controlled conditions (Priemé & Christensen 2001) . By using disturbed soil samples, however, we loose information on the effects of soil structural status and also limit our knowledge with respect to soil hydraulic properties as well.
In this study the effect of three soil management systems, representing different levels of soil disturbance on soil carbon-dioxide emission was evaluated performing measurements on relatively large undisturbed soil columns in a climatic room. Such an experimental design can be viewed as an intermediate scale between laboratory methods applied on structureless disturbed soil samples and field measurements and, more likely, could be used to link the gap between them. Our further objective was to optimise the developed measurement method with respect to length of incubation time.
Material and methods
The experimental site and treatments: The tillage experiment was set up in 2002 in the József-major experimental site of the Szent István University near Hatvan town, Hungary. The soil is a Chernic Calcic Chernozem (WRB 2006) developed on loam, with clay loam texture and a bit acidic pH. The average yearly precipitation sum is 580mm, from that 323mm falls in the growing season (Birkás & Gyuricza 2004 ).
The experiment comprised six different soil tillage treatments with four replicates in a split-plot design (Gyuricza 2004), among which three were involved in this study: the no-till treatment (NT), representing minimum soil disturbance; the ploughing (P: 26-30 cm), which is the most conventional system and disking combined with deep loosening ( 
Soil sampling
Since soil respiration concerns topsoil where soil microbial activity is the most intensive (Agbeko & Kita 2007), soil samples were taken from the upper 10 cm layer of the soil. Samples were collected with no disturbance in PVC tubes (20 cm long; 10.5 cm i.d.) The tubes were carefully inserted into the soil in 10-centimetre deep then they were taken out manually with the soil inside. The tubes were closed from the bottom during the transport. In total, 84 undisturbed soil cores were collected, 28 from each of the three treatments. In addition, disturbed soil samples were taken and analysed for soil chemical properties, such as NH4-N, NO3-N and total N (Bremner 1965) and AL-P2O5 and AL-K2O content (Sarkadi et al. 1965) . Water extractable organic carbon (WEOC) and water extractable organic nitrogen (WEON) (0.01 M CaCl2; 1:10 soil to solution) was measured by Apollo 9000 Combustion TOC Analyzer (Teledyne Tekmar Co., Mason, Ohio, USA).
Carbon dioxide emission measurements
In the laboratory, the distance of soil surface (app. 10 cm) from the 20-cm high PVC tube perimeter was measured precisely and the volume of soil column was calculated separately for each sample. Thereafter, the mass of the soil column was determined. Different soil water contents were set up by adding 0, 50, 100 and 150 ml distilled water to the 28 per treatment soil samples in seven replicates, corresponding to 0, 6.4, 12.8 and 19.1 mm of rainfall, respectively. Such a wetting procedure was chosen, because the initial soil water content of the undisturbed soil columns could not be measured in the beginning of the experiment. They were determined posteriorly after drying out the soil in the oven at 105
• C. Soil carbon dioxide emission measurements were carried out weekly in a climatic room at constant air temperature, humidity and light conditions in 7 replicates. Two months after the experiment started, further 0, 50, 100 and 150 mL water was added on the top of the soil samples to compensate the evaporation losses. Because the primarily objectives were to identify soil tillage-induced differences in soil respiration, no mineral or organic fertilizers were added to soil.
The air temperature in the climatic room was set to a constant value of 21
• C. The mass of each soil column was determined at each air sampling time to calculate the volumetric soil water content of each column. The above described experimental set up enabled us to evaluate soil carbon dioxide emission on soil samples having undisturbed structure at constant circumstances and at given volumebased soil water content values.
For the incubation, the top of the PVC tubes was also airtight closed with caps. Beforehand, the volume of the headspace was calculated for each column as a difference between the tube and soil sample volume. Air sampling was performed from the headspace through septum inserted into the hole of caps once a week during three months. At each sampling time double sampling was carried out; one after closing the tubes and the other three hours later. At the first measurement event, additional samples were taken after one and six hours of incubation. Air samples were collected into evacuated vials (Exetainer tube, Labco Limited, UK) and than the CO2 concentration was analysed with gas chromatograph the soonest possible.
Soil carbon dioxide fluxes were calculated from detected changes in carbon dioxide concentration during the incubation time using equation reported by Tóth et al. (2005) . Emission values, obtained for the first measurement time were evaluated as a function of incubation time in order to optimize the incubation period for further measurements. The effect of different soil managements systems on carbon dioxide efflux was evaluated statistically, using ANOVA, from results obtained for 14 measurement times for different soil water content ranges. The F statistics was applied to separate significant differences between CO2 efflux values measured i) after different incubation periods and ii) in samples, taken from different soil management systems. Significance was indicated at P < 0.05.
Results and discussion
Soil chemical and hydraulic properties, measured for the three different soil tillage systems are given in Ta ble 1. The main differences between the tillage systems concern chemical properties: NT was much richer of various nutrients an organic C and N than the P and LD treatments. No valuable differences between soil hydraulic properties were found in the topsoil.
Optimizing the incubation time
Carbon dioxide fluxes, measured on the first day of the experiment, taking air samples 1-, 3-and 6 hours after starting the incubation are given in Figure 1 . Each discrete point of the curves represents the average of seven replicates for a given soil water content.
The shape of the curves shows that in the studied soil moisture content range increase in soil water content caused increase in emission values. During the first hour of incubation the emission rate is higher than during the three-hour-long or six-hour long incubation period. After longer incubation period the values are more equalized, because the fluxes were averaged for longer period. Hence, standard deviations (11.27, 8.23 and 7.10 for 1-, 3-and 6 hour long incubation, respectively) and coefficients of variation (0.64, 0.63 and 0.53 for 1-, 3-and 6 hour long incubation, respectively) show decreasing tendency with increasing incubation time. Statistical differences (ANOVA; P < 0.05) were found between flux values, measured after 1 hour of incubation and 3 or 6 hours of incubation in the whole soil water content range above 15 v%, while values, measured after 3 and 6 hours of incubation did not differ significantly.
Coefficients of determination (R 2 ; Fig. 1 ) indicated that the strength of the relationship between carbon dioxide efflux and the soil water content increased with increasing length of the incubation period. After onehour-long incubation this relationship was not really expressed. (R 2 = 0.34). However, the curves corresponding to the 3-and the 6-hour incubation periods were very close to each other even though they were fitted to emission values measured in different treatments. Since no valuable difference between the R 2 values corresponding to 3-and 6-hour incubation was found, and the fitted curves were quite similar, three-hour-long incubation periods were chosen to carry out further measurements in the experiment. By taking this decision we also assumed that without disturbing the sample after 1-hour incubation, results, obtained for the 3-hour and 6-hour incubation periods would even be in better agreement. Figure 2 demonstrates the effect of the studied tillage systems on the relationship between the CO 2 efflux and soil water content for four different measurement days during the incubation. Within the studied soil moisture range, the rate of emission increased with the increasing soil water content in almost all the cases. The lowest emission values were measured from soil samples of ploughed plots (P) in this and other days that are not shown. On the other hand, the highest emission values were observed from the no-till (NT) soil samples in all the cases. These results are in contradiction with many investigations that found the lowest and highest efflux from the non-disturbed and conventional soil tillage systems, respectively (Horn & Peth 2009; Gyuricza 2004) . The reason for contradictory results between our measurements and those, reported by Gyuricza (2004) in the same field can be that those investigations were carried out a few hours and days after fresh tillage operations, which means, that the more heavy soil disturbance (e.g. ploughing or deep loosening) resulted higher oxygen content in the soil, causing rapid increase in soil microbial activity at the measurement time compared to less disturbed NT treatment. However, our results are in accordance with the in-situ measurements (Tóth et al. 2005) , carried out in the Józsefmajor experimental site during the last years. Zsembeli et al. (2005) also reported results, very similar to ours from an in situ carbon dioxide emission experiment where no-till and ploughing treatments were compared. We assume, that the higher carbon dioxide fluxes from the no-tilled soils compared to those of the ploughed soils could be explained by the higher N, P and K content as well as organic matter content, measured in the NT treatment (Table 1) . Moreover, the microbial activity in the NT treatments was much higher than in the disturbed soils (data are not shown here). The CO 2 emission values decreased during the measurement period, especially after the first two weeks (Figure 2 ). In the first days the emission values were two and three times higher than in the end of the experiment. Thus, the highest average emission values were -27.64; 14.07 and 10.69 g m −2 day −1 in average in the NT, LT and P treatments, respectively -measured on 22
Effect of treatment
nd of April. The lowest values were -10.09, 7.41 and 3.93 g m −2 day −1 in average -found in the last weeks of the experiment. These results indicate a definite decrease in microbial activity with time. Since the air and soil temperature were constant during the experiment we assume that collecting of soil samples and shaking them during the transportation and placement in the laboratory resulted in a sort of disturbance of soil samples, especially nearby the surfaces, which could activate the microbial life providing extra oxygen. The relatively high initial CO 2 efflux at the start of incubation could be assigned to the changing moisture that induced microbial growth (Liu et al. 2009 ). This phenomenon is similar to that observed after tillage operations causing rapid short-time increase in CO 2 fluxes (Gyuricza 2004). Statistical evaluation of carbon dioxide emission data obtained for different soil management systems at different soil water content ranges is given for selected dates in Table 2 . In general, the highest and lowest CO 2 emission values were measured in the NT and P treatments, respectively. This can be explained by the higher accessible organic carbon for microbes in less disturbed soil.
Presented article describes an experimental set up for determining soil CO 2 efflux from large soil cores having undisturbed structure under controlled labora- tory conditions have been evaluated and optimised for timing of sampling. No statistical differences between CO 2 fluxes, measured after 3 and 6 hours of incubation was found. Thus, the incubation time was set to three hours. Comparing the emission rates measured from samples of different soil management systems we found, that the highest rates were obtained in the NT, while the lowest ones in the P treatment. This can be explained by the higher accessible organic carbon for microbes in less disturbed soil. An increase in CO 2 efflux with increasing soil water content was found in the studied soil water content range in the beginning of the experiment. After the 4 th week, decrease in CO 2 efflux was observed at soil water content values, close to field capacity in some cases. In all the treatments, an increase in CO 2 emission with time was detected as the substrates depleted.
